VHL is part of an SCF related E3-ubiquitin ligase complex with`gatekeeper' function in renal carcinoma. However, no mutations have been identi®ed in VHL interacting proteins in wild type VHL tumors. We previously reported that the TRC8 gene was interrupted by a t(3;8) translocation in a family with hereditary renal and non-medullary thyroid cancer. TRC8 encodes a multi-membrane spanning protein containing a RING-H2 ®nger with in vitro ubiquitin ligase activity. We isolated the Drosophila homologue, DTrc8, and studied its function by genetic manipulations and a yeast 2-hybrid screen. Human and Drosophila TRC8 proteins localize to the endoplasmic reticulum. Loss of either DTrc8 or DVhl resulted in an identical ventral midline defect. Direct interaction between DTrc8 and DVhl was con®rmed by GST-pulldown and co-immunoprecipitation experiments. CSN-5/JAB1 is a component of the COP9 signalosome, recently shown to regulate SCF function. We found that DTrc8 physically interacts with CSN-5 and that human JAB1 localization is dependent on VHL mutant status. Lastly, overexpression of DTrc8 inhibited growth consistent with its presumed role as a tumor suppressor gene. Thus, VHL, TRC8, and JAB1 appear to be linked both physically and functionally and all three may participate in the development of kidney cancer.
Introduction
The VHL gene functions as a`gatekeeper' in the development of clear-cell renal carcinoma (RCC) . VHL is part of an E3 ubiquitinligation complex which targets proteins for destruction by the 26S proteasome ). Other components of the complex include Cul-2, Elongin B and C, and a small RING-H2 protein, RBX1 (Kamura et al., 1999) . While mutations in VHL occur in most RCCs, approximately 30 ± 40% of tumors lack identi®able VHL alterations (Cliord et al., 2001) . However, among those RCCs expressing wild type VHL, no mutations have been identi®ed in other components of the VCB complex (Cliord et al., 2001) . This is in contrast to colon cancers where tumors without mutations in APC are often defective in b-catenin or Axin. The 3;8 chromosomal translocation, (3;8) (p14.2;q24.1), was identi®ed in a family with hereditary RCC (Cohen et al., 1979) . Aected family members lacked other VHL manifestations and did not carry a germline VHL mutation (Li et al., 1993) . In addition, some t(3;8) carriers developed non-medullary thyroid cancer (Li et al., 1993) , not a recognized feature of the VHL syndrome ). The t(3;8) breakpoint generates a fusion transcript involving the 5' untranslated portion of FHIT and the coding region of a novel gene, TRC8 (Gemmill et al., 1998) . TRC8 encodes a multi-membrane spanning protein with partial similarity to the Hedgehog receptor, Patched (Hahn et al., 1996; Johnson et al., 1996; Gailani et al., 1996) . This similarity involves two domains; an Nterminal sterol-sensing region and one of two Patched loops required for Hedgehog binding (Marigo et al., 1996; Stone et al., 1996) . In addition, TRC8 contains a RING-H2 ®nger with E3-ubiquitin ligase activity in vitro (Lorick et al., 1999) . Since VHL functions as an F-box factor in ubiquitin transfers, the presence of a RING-H2 ®nger in TRC8 raised the possibility that both proteins might interact in some manner. In order to study TRC8 function, we isolated the homologous gene from Drosophila, and found evidence linking TRC8 and VHL in a common pathway.
GenBank #AF387786) with a consensus Kozak start site and extensive homology with hTRC8 ( Figure 1 ). The Drosophila and human proteins share 38% identity and 61% similarity and are highly similar in overall structure (Figure 1 ), suggesting they are true homologues. DTrc8 diers from its human counterpart in the spacing of the transmembrane segments comprising the predicted sterol sensing domain (SSD) and it contains a C-terminal extension rich in PEST sequences. Consistent with this homology, we found both hTRC8 and DTrc8 proteins localized to the endoplasmic reticulum. This is shown in Figure 2 using COS7 cells transiently transfected with GFP-hTRC8-HA or DTrc8-GFP and con®rmed by co-localization with the ER resident protein, BiP (A ± F). Similar ®ndings were obtained using anti-HA antibodies or an anity puri®ed polyclonal rabbit antiserum speci®c for hTRC8 (not shown). However, we were unable to detect endogenous TRC8 proteins by immuno¯uores-cence or Western blots despite ubiquitous mRNA in human (Gemmill et al., 1998) and Drosophila. Using a heat-shock inducible myc-tagged DTrc8 transgene in Drosophila embryos, DTrc8 was observed to disappear from Western blots after 15 min of recovery (not shown). Similarly, by immunohistochemistry, DTrc8 disappeared from heat-shocked embryos except in a few cells located within the brain, in paired ectodermal spots in each abdominal segment and in Malpighian tubule buds (Figure 2 , g ± i), the Drosophila equivalent of the mammalian kidney. Thus, TRC8 protein levels are low and, at least for DTrc8, are subject to rapid degradation.
The absence of P-element mutations aecting DTrc8, coupled with the presence of DTrc8 mRNA in oocytes and throughout development, led us to perform double-stranded RNA inhibition (RNAi) experiments to obtain a loss-of-function phenotype (Kennerdell and Carthew, 1998) . The wingless (wg) and white (w) loci were used as positive and negative controls, respectively. Embryos treated with w dsRNA yielded normal appearing denticle bands as expected (Figure 3a) , whereas 27% of wg injected embryos were small and covered with a lawn of denticles over the ventral surface (Figure 3b ), a phenotype consistent with wg loss of function (Kennerdell and Carthew, 1998) . DTrc8 RNAi treated embryos revealed a narrow gap in the denticle pattern along the ventral midline ( Figure  3c , arrowhead). This was observed in four separate experiments in 8% of DTrc8 treated embryos, but never in embryos treated with buer, w or wg dsRNA (Table 1) . The dierences between DTrc8 and w treated embryos were signi®cant (P=0.0128, Fisher's exact test). Strikingly, when DVhl (Adryan et al., 2000) was inhibited by RNAi, an identical ventral midline defect was generated (Figure 3d ). The dierences between DVhl injected embryos and controls were also signi®cant (P50.0001, Fisher's exact test). These results suggest that DTrc8 and DVhl function in the same, or related, pathway during early midline development. This cuticle phenotype was not reported by Adryan et al. (2000) presumably because their studies were focused on a later stage of development. In mammals, VHL is known to regulate levels of the bHLH-PAS transcription factor HIF1a; the closely related transcription factor, Single-minded (Sim), is critical for ventral midline patterning in Drosophila. However, the midline defect generated by either DTrc8 or DVhl RNAi is distinct from the phenotypes generated by manipulating Sim activity (Nambu et al., 1991) , suggesting that some other intermediary may be involved.
The highly similar phenotypes of compromised TRC8 or VHL function in such dierent tissues and organisms as renal epithelium and Drosophila ectoderm suggested an intimate molecular/functional relationship between the two proteins. To better de®ne this relationship, we asked if DTrc8 could physically interact with DVhl. We focused on C-terminal portions of DTrc8 (aa 578 ± 809) since this region contained the RING-H2 domain directly implicated in E3 ubiquitin ligation complexes analogous to the VHL-containing VCB complex. In vitro labeled MYC-tagged DTrc8 578 ± 809 and HA-tagged DVhl proteins were mixed and immunoprecipitated ( Figure 4b ). The precipitation of HA-DVhl with anti-HA antibodies co-precipitated MYC-DTrc8 (lane 3, arrow), whereas the anti-HA antibodies failed to react with MYC-DTrc8 alone (lane 4). An independent RING-H2 ®nger protein, Rbx1, which interacts indirectly with VHL through elongins C and B, failed to bind VHL under identical conditions (data not shown). GST-pull down experiments yielded similar results (Figure 4c , upper panel); both GSTDTrc8 562 ± 809 and GST-DTrc8 562 ± 744 proteins strongly interacted with labeled DVhl while only background levels were observed with DTrc8 748 ± 809 . VHL binding to HIF-1a is augmented by proline hydroxylation of HIF-1a . The DTrc8-DVhl interactions did not require proline hydroxylation as the GST Figure 1 Similar domain structure between human and Drosophila TRC8 proteins. A comparison of human TRC8 (top) and DTrc8 domain structures (bottom) reveals their similarities; per cent identical/similar amino acids for each region are indicated. Transmembrane domains are indicated by short black or gray boxes, black represents the putative sterol sensing domain (SSD). The middle region with 5 TM domains (gray boxes) contains the Patched-like region (gray overline). The RING-H2 domain (crosshatched box) has the highest sequence conservation; a PEST-rich region is unique to the Drosophila homologue fusion proteins were puri®ed from bacteria which fail to perform this modi®cation Jaakkola et al., 2001) . In vivo interaction was veri®ed by co-immunoprecipitation from HEK 293 cells transfected with the human homologues of TRC8 and VHL. HA-tagged VHL was co-precipitated with the anti-TRC8 antibody, 645/646 (Figure 4f ), whereas an irrelevant antibody resulted only in background levels (not shown). Transfection of a GFP fusion gene encoding the C-terminus and RING-H2 domain (C-ter, including aa491 ± 664), although expressed at low levels, nevertheless co-precipitated more VHL (lane 3) than endogenous TRC8 (lane 2). In contrast, a 36 amino acid deletion encompassing the RING-H2 ®nger (aa 547 ± 584, C-ter DRH2) was expressed at high levels and inhibited VHL co-precipitation (lane 4). In vitro labeled fragments of DVhl corresponding to a minimal C-terminal truncation (aa 1 ± 170) and to the b -domain (aa 1 ± 107) both bound DTrc8, suggesting the site of interaction resides in the VHL b-domain (Figure 4d ).
To identify additional interacting proteins, we performed a yeast 2-hybrid screen of a Drosophila embryo library (Clontech) using the Gal4 DNA binding domain fused to DTrc8 amino acids 277 ± 744 containing the Patched-like loop and RING-H2 ®nger but lacking the C-terminal PEST sequences ( Figure  4a ). Two independent isolates of Drosophila CSN-5/ JAB1 (Claret et al., 1996) were identi®ed from 3610 5 clones screened. JAB1 is a subunit of the COP-9 signalosome (Seeger et al., 1998) and has also been shown to bind p27
Kip1 and result in its proteasomedependent nuclear-cytoplasmic transport and degradation (Tomoda et al., 1999) . The DTrc8-JAB1 interaction was con®rmed by co-immunoprecipitation of 35 Slabeled, in vitro translated, proteins and GST-pulldowns. As shown in Figure 4c (middle panel), JAB1
Figure 2 ER localization and instability of TRC8. COS7 cells were transfected with DTrc8-EGFP (a, b and c) or GFP-hTRC8 (d, e and f); GFP being alternatively fused to the C-or N-terminus to ensure the tag did not in¯uence localization. GFP¯uorescence (a and d, green), anti-BiP (b and e, red) and the merged images (c and f, DAPI counter stain) are shown. (g ± i) The¯y line y, w; p{w+hsDTrc8-6.5} contains a heat shock-inducible DTrc8-MYC transgene. Embryos were heat shocked (378C) for 1 h with a 15 min recovery at 258C prior to immunostaining for DTrc8-MYC protein. Immediately after heat shock, embryos were uniformly labeled (not shown); 15 min recovery eliminated most DTrc8 staining while a few cells with stabilized DTrc8 remained in the brain (g), in spots along the lateral ectoderm (h) and in Malpighian tubule buds (i) interacted with GST-DTrc8 562 ± 809 and GST-DTrc8 562 ± 744 , both of which include the highly conserved segment (55% identity/73% similarity) of 109 amino acids encompassing the RING-H2 ®nger. In contrast, JAB1 failed to bind GST-DTrc8 748 ± 809 . To narrow the TRC8 interaction domain in JAB1, we generated labeled proteins for amino acids 1 ± 187 containing the Nterminus and MPN protein interaction domain, the MPN domain alone (aa 55 ± 187), and the C-ter (aa 191 ± 327). Both proteins containing the MPN domain (Asano et al., 1997; Hofmann and Bucher, 1998; Ferrell et al., 2000) bound DTrc8 while the C-ter did not (Figure 4d , lower panels).
With the identi®cation of JAB1 as a TRC8 interacting protein, we wondered if JAB1 might interact with VHL or be aected by VHL mutations. To explore this, we utilized a pair of 786-0 derived renal carcinoma cell lines (kindly provided by Dr W Kaelin) stably transfected with either a wild-type VHL expression construct (WT8) or vector control (PRC3). JAB1 staining included a strong perinuclear component in wild type VHL expressing cells which was not present in VHL mutant PRC3 cells ( Figure 5 , compare a and b). These dierences were observed in three separate experiments (Table 2) . With wild type VHL, 48% of the cells on average had strong perinuclear staining whereas in mutant VHL cells, only 4% stained similarly (P50.05). Proteasome inhibition with MG132 resulted in nuclear localization of JAB1 in WT8 cells, but had no discernible eect in PRC3 where JAB1 was already nuclear (Figure 5c , d). When tested for possible physical interactions, we found JAB1 could be coimmunoprecipitated with HA-tagged wild type VHL from WT8 but not from PRC3 cells that lack HAtagged VHL (Figure 5e ). The amount of co-precipitated JAB1 was increased by MG132. This might occur as a result of changes in subcellular localization, since we did not detect changes in the level of JAB1 in MG132 treated total cell lysates. The interaction between JAB1 and VHL may involve one or more additional proteins as no direct interaction was detected in a yeast 2-hybrid assay (not shown).
If TRC8 functions as a tumor suppressor gene, overexpression might be expected to inhibit cell growth. For example, when overexpressed in the Drosophila wing, TSC2 and PTEN have been shown to impair growth (Potter et al., 2001) . Mutations in the rat TSC2 gene and mutations in human PTEN result in renal carcinoma and non-medullary thyroid cancer, respectively (Yeung et al., 1994; Bruni et al., 2000) ; both of which occur in the t(3;8) family. We generated transgenic¯ies with DTrc8 under the control of a GAL4-responsive UAS element (Brand and Perrimon, 1993) and used several GAL4 driver lines to assess the eects of ectopic DTrc8 expression (Table 3) . Ubiquitous high-level DTrc8 expression using an actin-GAL4 driver was lethal while midline expression using sim-GAL4 and expression in alternating stripes using paired-GAL4 had no obvious eects. However, expression of DTrc8 in eye and wing imaginal discs aected development of both adult structures (Table 3) . Expression in eye imaginal discs using the GMR-GAL4 driver resulted in the loss of photoreceptors (Table 3) while expression in wing imaginal discs using the MS1096-GAL4 driver resulted in small, curled wings (Figure 6b ). The eye phenotype will be described -MYC and DVhl-HA; 10% of inputs are in lanes 1 and 2. Relative sizes of protein products are indicated in kDa. (c) GST pull-downs of DVhl and JAB1 with DTrc8. In vitro labeled JAB1, DVhl and luciferase were incubated with beads, beads bound with GST alone, or bound with GST fusion proteins containing the indicated portions of DTrc8. After washing, bound proteins were resolved by SDS ± PAGE and detected by¯uorography. The JAB1 and luciferase input lanes represent 50% of input while DVhl represents 20%. (d) Radiolabeled fragments of both JAB1 and DVhl were generated in vitro and used with GST-DTrc8 562 ± 809 in pull-down assays to assess interacting regions of each. Dvhl 1 ± 170 is missing only the C-terminal eight amino acids while Dvhl 1 ± 107 contains most of the VHL b-domain without the a domain (Stebbins et al., 1999) . Both JAB1 1 ± 187 and JAB1 55 ± 187 contain the MPN protein interaction motif while JAB1
191 ± 327 contains the C-terminal domain. (e) Two GFP-tagged human TRC8 constructs (slanted lines) included the wild-type Cterminus (aa. 491 ± 664) and a mutant C-terminal domain deleted for 36 amino acids encompassing the RING-H2 domain (C-ter DRH2, missing aa547 ± 584). (f) HEK 293 cells were transiently transfected with the indicated expression constructs for GFP and HA-tagged VHL along with constructs shown in (e) encoding GFP-tagged wild-type C-ter hTRC8 (aa 491 ± 664) or the RING-H2 deleted form (DRH2). Lysates were tested directly for transfected TRC8 proteins (bottom panel) or immunoprecipitated with anti-TRC8 antibodies and Western blotted with anti-HA to detect VHL (upper panel). Control experiments veri®ed that anti-TRC8 antibody did not react with VHL-HA (not shown) in detail elsewhere. The longitudinal curl and concave dorsal surface is compatible with preferential growth inhibition in the dorsal compartment where MS1096-GAL4 is known to drive higher expression. Wings were even smaller in males where the driver is expressed at higher levels due to dosage compensation (Figure 6c ). Similar changes were seen using apterous-GAL4 which also drives expression in the dorsal compartment. Since the male wings were too distorted to measure, we used females to quantitate wing changes in four compartments (marginal, submarginal, 1st posterior and 2nd posterior cells). Ectopic DTrc8 signi®cantly decreased overall length and width by approximately 20% (P=0.0014, Wilcoxon two-sample test, Table 4 ). To distinguish between changes in cell size and cell numbers, we compared hair densities per unit area since each wing cell gives rise to a single hair. While there was a slight increase in cell numbers between the submarginal and 1st posterior compartments of wild type and DTrc8 overexpressing wings, this was statistically insigni®cant. Thus, the smaller wings resulted largely from fewer cells which diers from Tsc2 or PTEN overexpression where both cell numbers and cell size are aected. Thus, we conclude that DTrc8 overexpression inhibits cell growth although the mechanism, e.g., apoptosis vs cell-cycle inhibition, remains to be determined.
Discussion
While VHL mutations occur in a majority of RCCs, 30 ± 40% of tumors lack mutations in either VHL, other components of the VCB complex or the HIF-1a degron (Cliord et al., 2001 ). Our results demonstrate that TRC8 physically and functionally interacts with VHL. In Drosophila embryos, dsRNA inhibition of DTrc8 or DVhl produced an identical appearing ventral midline defect. Evidence for physical interaction between both proteins was obtained from GST-pull- Cells were scored for JAB1 localization by three independent observers Figure 6 Ectopic expression of DTrc8 inhibits growth in wing imaginal discs. Adult wings were from wild type (a) and DTrc8 over-expressing wing discs (b, c). Genotypes were (a) female MS1096-GAL4/+, (b) female MS1096-GAL4/UAS-DTrc8 and (c) male MS1096-GAL4/UAS-DTrc8 downs and in vitro immunoprecipitations in multiple independent experiments. Interactions were observed with dierent portions of the DTrc8 C-terminal domain that included the RING-H2 ®nger. It remains possible that VHL will interact with other TRC8 domains, since these have not been directly tested. The signi®cance of the Drosophila protein interactions was strengthened by their co-immunoprecipitation in human cells. In Drosophila, ventral midline development is controlled in part by single-minded (sim) (Nambu et al., 1991) , a member of the bHLH-PAS transcription factor family that includes HIF-1a, a known target of VHL. However, in Drosophila, similar is the bHLH-PAS family member most closely related to HIF-1a (Nambu et al., 1996) , although a phenotype for similar mutations has not been reported. Thus, it is possible that RNAi mediated loss of function for VHL and TRC8 aected expression of one or more bHLH-PAS proteins involved in midline development. This could occur directly or indirectly if changes in HIF-1a/Sima aected other bHLH-PAS members through competitive binding with the common heterodimeric partner, ARNT/Tango (Sonnenfeld et al., 1997) . In support of this, ectopic human HIF-1a suppresses the activity of endogenous Sim during midline development in Drosophila embryos (Zelzer et al., 1997) .
A search for DTrc8 interacting proteins led to the identi®cation of the COP9 signalosome component, CSN-5/JAB1. JAB1 was ®rst shown to interact with the activation domain of c-Jun (Claret et al., 1996) and subsequently was found to interact with a number of proteins including LFA (Bianchi et al., 2000) and macrophage migration inhibitory factor (Kleemann et al., 2000) among others (Ferrell et al., 2000; Li et al., 2000; Chauchereau et al., 2000) . JAB1 also binds the CDK inhibitor, p27
Kip1 , causing its translocation from the nucleus to the cytoplasm in a proteasome dependent manner (Tomoda et al., 1999) . Of note, VHL mutants are reportedly de®cient in p27 Kip1 nuclear accumulation following serum starvation (Pause et al., 1998). Our results indicate that JAB1 localization is aected by VHL mutations. In wild type VHL expressing WT8 cells, JAB1 has a strong perinuclear localization which is absent in the paired cell line, PRC3, expressing only mutant VHL. In support of a functional relationship between VHL and JAB1, the latter could be co-immunoprecipitated with VHL in WT8 cells. Importantly, recent data suggest a further connection between JAB1 and VHL through HIF-1a (Bae et al., 2002) . These investigators reported direct binding between JAB1 and HIF1a, aecting the stability of the latter under hypoxic conditions. Together with our data linking both TRC8 and VHL to JAB1 and the eects of a VHL mutation on JAB1 subcellular localization, we conclude that JAB1 has a likely role in kidney tumorigenesis. Recently, the signalosome was shown to interact with SCF complexes and mutants in Caa1, the S. pombe homologue of CSN1, accumulated NEDD8/Rub1 modi®ed Cullin-1 . Similar results were obtained in plants, with signalosome mutants shown to be defective in the degradation of SCF targeted proteins (Schwechheimer et al., 2001) . Thus, signalosome components are intimately connected to ubiquitination and proteasome mediated functions and like VHL mutations, MG132 treatment led to the loss of perinuclear JAB1.
The t(3;8) translocation fuses the 5'-untranslated region of FHIT to the coding region of TRC8, interrupting its predicted sterol-sensing domain and resulting in a loss of any translation initiator codon consistent with a loss of function. Overexpression of wild type DTrc8 in wing discs resulted in growth inhibition, a ®nding which supports the hypothesis that TRC8 is a tumor suppressor gene. One model for TRC8 function is to link VHL complexes to the (Ohh et al., 1998; Schoenfeld et al., 2001) . We note that there is a potential parallel involving protein interactions between the signalosome and the highly similar lid of the 19S proteasome regulator. Like TRC8, Hrd1/der3p is a multi-membrane spanning ER resident protein containing a RING-H2 ®nger with E3-ubiquitin ligase activity (Deak and Wolf, 2001; Bays et al., 2001) . Using a yeast 2-hybrid screen, Hrd1/der3p was found to interact with the proteasome lid subunit, Rpn11 (Davy et al., 2001) , which is the direct counterpart to JAB1 (Voges et al., 1999) . This suggests that TRC8 may be somewhat analogous to the Hrd1/der3p protein complex in the ER, perhaps targeting a subset of proteins for degradation in a VHL-dependent manner. Interestingly, Gorospe et al. (1999) reported that VHL mutant RCC cell lines were more sensitive to agents that aect protein folding (and the unfolded protein response) than wild type VHL cells. Thus, TRC8 might conceivably be involved in this aspect of VHL function.
Materials and methods

Gene isolation
The Drosophila cDNA clone LD08152 was sequenced to verify its relationship to TRC8 and used to screen a lgt11 embryonic cDNA library (Clontech Labs. Inc., Palo Alto, CA, USA) to isolate the full-length clone, l1-2B4. Its complete nucleotide sequence (GenBank #AF387786) was determined through the UC Cancer Center DNA Sequencing Core (primer sequences available upon request). In situ localization of LD08152 to 3(R)99B1-2 was performed by the Berkeley Drosophila Genome group (T Laverty).
Mammalian expression constructs, transfections and cell culture conditions
Plasmids were constructed using routine methods. The human TRC8 coding region was ampli®ed using a C-terminal reverse primer incorporating an HA tag. Following KpnI digestion, the insert was ligated in-frame into pGFP-C1 (Clontech Labs. Inc., Palo Alto, CA, USA). The coding sequence for Dtrc8 present in a subclone of l1-2B4 was ampli®ed, cleaved with EcoRI and ligated into pEGFP-N2 (Clontech Labs. Inc., Palo Alto, CA, USA). All plasmid inserts were sequence veri®ed. Transient transfections into COS7 and NIH3T3 cells used Lipofectamine Plus reagent (Gibco ± BRL, Rockville, MD, USA) according to manufacturer's instructions. COS7 and NIH3T3 cells were obtained from ATCC (American Type Culture Collection) and grown as recommended. The 786-0 derivative cells PRC3 and WT8 were obtained from W Kaelin, (Harvard University) and maintained with G418 in the growth media (Iliopoulos et al., 1995) .
Immunolocalization, cell counts and Western blots
Immuno¯uorescence detection was performed on cells ®xed with 4% paraformaldehyde 24 h post transfection and permeabilized with 0.5% Triton X-100. Primary antibodies used included anti-KDEL (1 : 200 dilution, StressGen Biotech.) and anti-TRC8 (1 : 200 dilution of 645 ± 6). Secondary antibodies included Texas Red-conjugated donkey antimouse, Texas Red-conjugated donkey anti-rabbit and FITC-conjugated goat anti-mouse IgG (1 : 100 dilution of each, Jackson ImmunoResearch). Nuclei were visualized with DAPI. The anti-TRC8 antibody 645 ± 6 was generated by immunization of rabbits with a Ni-NTA-puri®ed fusion protein (hTRC8 490 ± 664 ) expressed from the pRSET vector (Invitrogen). Immunolocalization of endogenous JAB1 utilized cells ®xed in cold 50 : 50 methanol:acetic acid, the anti-JAB1 mAb, 2A10.8 (1 : 200 dilution, GeneTex) and FITCconjugated goat anti-mouse IgG. Images were captured using a Vysis Smart Capture System on an Olympus BX60 microscope equipped with a Photometrix SenSys CCD camera. Quantitation of cell numbers with complete perinuclear rings was performed by three independent observers using four or ®ve random ®elds. Statistical analysis indicated that the dierence between PRC3 and WT8 perinuclear staining was signi®cant (P50.05). Gel resolved protein extracts were electroblotted onto PVDF membranes and processed according to manufacturer's directions. Primary antibodies included anti-HA (Y11, Santa Cruz) and anti-TRC8 (645 ± 6, 1 : 200 dilution). Detection utilized HRPconjugated goat anti-mouse or goat anti-rabbit secondary antibodies (NEN) and Renaissance Enhanced ECL kit (NEN).
Yeast two-hybrid expression plasmids and in vitro interactions
Inserts encoding DTrc8 277 ± 744 , full-length CSN-5, CSN-5 1 ± 187 , CSN-5 55 ± 187 , CSN5 191 ± 325 and full-length Dvhl were generated by PCR and cloned into the yeast two-hybrid vectors, pGBKT7 and pGADT7 (Clontech). GST fusion proteins were expressed from the pGEX-KT vector. Fusions generated included Dtrc8 562 ± 809 , Dtrc8 562 ± 744 and Dtrc8 748 ± 809 which encode, respectively, from the last TM domain through to the C-terminus (Dtrc8 562 ± 809 ), from the last TM domain through to the end of homology with hTRC8 (Dtrc8 562 ± 744 ) and the C-terminus alone (Dtrc8 748 ± 809 ). Fusion proteins were expressed in E. coli strain BL21 and puri®ed on glutathione agarose beads using standard methods. Proteins were labeled in vitro using the TNT T7/ T3 coupled reticulocyte lysate system (Promega). For coimmunoprecipitations, labeled proteins were incubated together for 1 h at 308C and then immunoprecipitated with anti-HA mAb (Santa Cruz) following a modi®cation of the TNT lysate manufacturer's recommendations. For GST pulldowns, approximately 10 mg of GST or GST-fusion (estimated from Coomassie staining) were bound to glutathione agarose beads, washed extensively and allowed to bind TNT reaction products for 1 ± 2 h at 48C. Beads were subsequently washed 56 with buer (20 mM HEPES, pH 7.9, 50 mM KCl, 0.1 mM DTT, 1% NP-40, 5% glycerol) mixed with SDS ± PAGE sample buer and resolved on gels. Labeled proteins were detected by¯uorography.
RNA interference
The double stranded RNA (dsRNA) production and injection methods described by Kennerdell and Carthew (1998) were followed throughout. Brie¯y, templates included white (w), Dtrc8, Dvhl, and wingless (wg) cDNA clones. Forward and reverse primers containing T7 polymerase promoters were used to amplify approximately 800 bp regions for each gene. Ampli®ed templates directed synthesis of dsRNA using T7 RNA polymerase in vitro (Promega). Reaction products were treated with RNase-free DNase, puri®ed and dissolved in injection buer at 1 ± 2 mg/ml. dsRNA was injected laterally through the chorion into 30 min to 60 min old y,w, UAS-eagle; Gal4-GFP or Ptc-GAL4; UAS-GFP embryos. Injected embryos were allowed to develop for 36 h, then unhatched embryos were mounted in Hoyer's medium and examined for cuticular defects. Embryo images were captured using a Zeiss AxioCam on a Zeiss Axioskop.
Transgenic flies and over-expression
The DTrc8 coding region was PCR ampli®ed using a primer that incorporated a MYC epitope tag at the 3' end and sequence veri®ed. The sequence began 19 bp prior to the AUG and ended with a MYC tag and an in-frame stop codon. This insert was then cloned into the GAL4-inducible vector pUAST (Brand and Perrimon, 1993) . Transgenic¯ies were generated using standard methods (Rubin and Spradling, 1982) . Wings were mounted in Canada Balsam:methylsalicylate (50 : 50).
